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ABSTRACT 
T e n s i l e  s t r e s s - s t r a i n  d a t a  were obta ined  on two samples of poly(methy1- 
me thac ry la t e )  (PMMA) c ross l inked  t o  d i f f e r i n g  degrees  wi th  g lyco l  dimetha- 
c r y l a t e ,  and on one sample of uncrossl inked PMMA. P l o t s  a r e  shown of t h e  
reduced stress vs .  t i m e  f o r  t h e  uncrossl inked P@!A a t  d i f f e r e n t  s t r a i n  
va lues ;  a f a i l u r e  envelopewas obtained frombreak d a t a  on the  same m a t e r i a l .  
The concept of t h e  f a i l u r e  envelope, h i t h e r t o  a p p l i e d  only  t o  c ros s l inked  
e l a s tomers ,  i s  a p p l i c a b l e  a l s o  t o  uncross l inked  m a t e r i a l s ;  however, t h e  
a c c e s s i b l e  p o r t i o n  of t h e  f a i l u r e  envelope i s  reduced because da ta  obta ined  
i n  s t r e s s - s t r a i n  reg ions  where e i t h e r  y i e l d  or f low occur s  do not  l i e  on 
t h e  f a i l u r e  envelope.  
The stress relaxometer  for continuous and i n t e r m i t t e n t  stress re laxa-  
t i o n  measurements i s  desc r ibed  i n  d e t a i l ;  r e s u l t s  i n  a t r i a l  experiment 
on uncross l inked  PMMA i n  vacuo a r e  p re sen ted .  -- 
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This third Quarterly Status Report describes work conducted for the 
National Aeronautics and Space Administration under Task Order NASr-49(13) 
during the contractual period December 1, 1963, to May 31, 1964. The 
original period of three months for this report was extended to six months 
under Amendment No. 1 to Task Order NASr-49(13). The program is monitored 
by the Ames Research Center of NASA. 
The objective of this study of crosslinked poly(methy1methacrylate) 
(PMMA) polymers is to obtain information on the behavior of crosslinked 
polymers in space environments. Of particular interest are degradative 
changes in structure which take place in vacuo at elevated temperatures, 
the kinetics associated with the degradation process, and the influence 
of these changes on the mechanical properties of the polymers. 
-- 
During the reporting period, tensile tests were conducted at various 
temperatures on two samples of crosslinked PMMA and some further tests 
were made on uncrosslinked PMMA. The special relaxometer designed for 
the simultaneous measurements of continuous and intermittent stress relaxa- 
tion was completed and some test runs were made on commercial PMMA. 
1 
. .  
I1 TENSILE STRESS-STRAIN CHARACTERISTICS OF UNCROSSLINKED 
AND CROSSLINKED PMMA 
During t h e  preceding r e p o r t  pe r iod  t e n s i l e  tes ts  were conducted i n  
t h e  Ins t ron  tes ter  on commercial poly(methylmethacry1ate) a t  t e n  c ross -  
head speeds a t  f o u r  temperatures  above T t o  provide d a t a  on an uncross- 
l i n k e d  m a t e r i a l  so t h a t  t h e  r e s u l t s  could be compared wi th  those  obtained 
on m a t e r i a l s  c ros s l inked  t o  d i f f e r e n t  degrees .  In t h e  p re sen t  r e p o r t  
per iod  da ta  were obtained a t  t he  same crosshead speeds a t  f o u r  a d d i t i o n a l  
tempera tures  and a l l  d a t a  were reduced and analyzed.  The temperatures  
and crosshead speeds ranged from 110 t o  165O C ,  and from 0.02 t o  20 inches/  
minute .  
g 
T e n s i l e  tests werea l so  conducted a t  t h e  same e i g h t  temperatures  and 
t en  crosshead speeds on two c ross l inked  samples suppl ied  by t h e  A m e s  
Research Center of NASA. These d a t a  have no t  ye t  been f u l l y  reduced.  
A .  Uncrosslinked P W  
The methods used i n  reducing and ana lyz ing  t h e  da t a  obta ined  on t h e  
uncross l inked  commercial PMMA d i f f e r e d  only  i n  minor d e t a i l s  from those  
developed f o r  amorphous e las tomers .  1-4 
were f i r s t  p l o t t e d  a g a i n s t  t ime i n  a doubly loga r i thmic  p l o t  f o r  s e v e r a l  
s t r e t c h  r a t i o s  a t  each test temperature .  (The s t r e t c h  r a t i o  A = l/l,, 
where 1 i s  t h e  l e n g t h  of t h e  s t r e t c h e d  specimen and 1, i s  t h e  o r i g i n a l  
l e n g t h  of t h e  specimen.) Empirical  s h i f t  f a c t o r s  a were then  obta ined  
by s h i f t i n g  t h e  curves  t o  coincidence a long  t h e  t i m e  a x i s .  The t i m e -  
t empera ture  supe rpos i t i on  f a c t o r s  determined i n  t h i s  way a r e  shown i n  
F i g ,  1 i n  which t h e  s o l i d  l i n e  r e p r e s e n t s  t h e  un ive r sa l  form of t h e  W L F  
equat ion  
Values of reduced stress (273 I J ~ )  
T 
5 
8.86(T - Ts) 
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FIG. 1 TEMPERATURE DEPENDENCE OF log a T  FOR UNCROSSLINKED PMMA 
T h i s  equa t ion  p r e d i c t s  a for a g iven  tempera ture  T i f  a c h a r a c t e r i s -  T 
t i c  tempera ture  T (which i s  g e n e r a l l y  about  50 degrees  h i g h e r  t h a n  T ) 
i s  known. Conversely,  T may be determined from e m p i r i c a l l y  ob ta ined  a 
va lues  us ing  Eq. (1). T h i s  is  shown i n  F i g .  1. The va lue  of T ob ta ined  
i n  t h i s  way (143O C ,  or 416O K )  is very  r easonab le ,  a l though somewhat 




S h i f t  f a c t o r s  c a l c u l a t e d  from Eq. (1) wi th  Ts = 143O C were used t o  
make p l o t s  of log u T /T a g a i n s t  l o g  t / a  f o r  a number of s t r e t c h  r a t i o s .  
Severa l  of t h e s e  p l o t s  of reduced stress a g a i n s t  t i m e  a r e  shown i n  F i g .  2 
where A i s  an  a r b i t r a r y  a d d i t i v e  c o n s t a n t  used t o  s e p a r a t e  t h e  cu rves  for 
convenience i n  p r e s e n t a t i o n .  I t  can be seen  t h a t  t h e  t ime-temperature  
s u p e r p o s i t i o n  i s  q u i t e  good al though t h e r e  i s  some s c a t t e r  i n  t h e  l o w  t e m -  
p e r a t u r e  d a t a .  
1 shows t h a t  aI2,, a l s o  l i e s  below t h e  WLF-curve. Th i s  sugges t s  t h a t  t h e  
a c t u a l  t e s t  tempera ture  was s l i g h t l y  h ighe r  t han  120° C.  These 120° C d a t a  
were t h e r e f o r e  d i s r ega rded  i n  drawing t h e  f u l l  cu rves  which r e p r e s e n t  l i n e s  
of best f i t .  
S T 
The 120° C d a t a  a r e  everywhere lower than  t h e  rest. F igu re  
3 
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FIG. 2 VARIATION OF REDUCED STRESS WITH TIME AT DIFFERENT STRAIN 
VALUES OF UNCROSSLINKED PMMA. Temperature shift factors determined 
from Curve in Fig. 1 
Over r eg ions  of t i m e  where t h e  l i n e s  a r e  p a r a l l e l ,  t h e  v i s c o e l a s t i c  
behavior  may o f t e n  be represented  by t h e  equat ion '  
Smith' has  found t h a t  i sochronal  s t r e s s - s t r a i n  d a t a  of e las tomers  a r e  
o f t e n  l i n e a r i z e d  up t o  about lo& extens ion  by l e t t i n g  g(E)  equal  1. 
To t e s t  whether t h i s  would hold a l s o  f o r  uncross l inked  PMMA, iso- 
chronal  va lues  of a T /T were read from graphs such a s  F i g .  2 and were 
p l o t t e d  a s  reduced t r u e  s t r e s s ,  l o g  Aa T /T, a g a i n s t  l o g  (1-1) a s  shown 
i n  F i g .  3. An a r b i t r a r y  add i t ive  cons t an t  A is  aga in  used t o  s e p a r a t e  
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FIG.3 ISOCHRONAL VALUES OF TRUE REDUCED STRESS AS A FUNCTION 
OF STRAIN FOR UNCROSSLINKED PMMA 
Figure  3 shows t h a t  g ( c )  = X l i n e a r i z e s  t h e  p l o t s  up t o  about 100% 
ex tens ion  ( l o g  (A-1) = 0 )  i n  t h e  t i m e  r eg ion  0.001 < t < 100 minutes .  
A t  s h o r t e r  t imes  s i g n i f i c a n t  depa r tu re s  from l i n e a r i t y  become appa ren t .  
S ince  t h e s e  s h o r t  t i m e s  correspond t o  temperatures  nea r  T (behavior  i n  
t h e  rubber- to-glass  t r a n s i t i o n  zone) t h i s  i s  not  s u r p r i s i n g .  An addi-  
t i o n a l  d i s c u s s i o n  of t h e  curves  w i l l  be given i n  t h e  f i n a l  r e p o r t ,  a f t e r  
a more d e t a i l e d  and somewhat d i f f e r e n t  a n a l y s i s  has  been made of t h e  ex- 
per imenta l  r e s u l t s .  
g 
In t h e  f i n a l  r e p o r t  a graph w i l l  a l s o  be shown of l o g  F ( t )  v s .  l o g  t .  
T h i s ,  a s  i s  apparent  from F i g .  2 ,  has  an extended f l a t  p o r t i o n  i n d i c a t i n g  
a h igh  entanglement coupl ing  d e n s i t y .  The modulus corresponding t o  t h e  
f l a t  p o r t i o n  of l o g  F ( t )  v s .  l o g  t i s  340 p s i ,  or 2.3 x lo7 dynes/cm2. 
5 
Figure  4 shows t h e  f a i l u r e  envelope ob ta ined  by p l o t t i n g  log A u T /T . b b  s 
a g a i n s t  l o g  (\-l) where t h e  subsc r ip t  b r e f e r s  t o  va lues  a t  break.  Where 
I I I 
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FIG. 4 FAILURE ENVELOPE FOR UNCROSSLINKED PMMA 
t h e  stress-time curves  ob ta ined  on t h e  I n s t r o n  t e s t e r  showed y i e l d  va lues  
( a t  lower tempera tures  and h igher  crosshead speeds )  or conta ined  an ind i -  
c a t i o n  t h a t  f low had occurred during t h e  ex tens ion  ( a t  h igher  tempera tures  
and lower crosshead speeds ) ,  t h e  break d a t a  w e r e  e l imina ted  from t h e  p l o t .  
However, t h e s e  d a t a  were p l o t t e d  i n  F i g .  5 and t h e  corresponding tempera- 
t u r e  and crosshead speeds a r e  t abu la t ed  below. 
Yield Region 
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FIG.5 YIELD REGION AND FLOW REGION OUTSIDE OF FAILURE ENVELOPE 
FOR UNCROSSLINKED PMMA 
Flow Region 
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H i t h e r t o  f a i l u r e  envelopes had been obta ined  on c r o s s l i n k e d  polymers 
on ly .  F igure  4 demonstrates  t h a t  t h e  concept of t h e  f a i l u r e  envelope is 
a p p l i c a b l e  a l s o  t o  uncross l inked  polymers, a l though a sma l l e r  segment of 
t h e  envelope on ly  i s  def ined  because of t h e  occurrence of flow and y i e l d .  
With c r o s s l i n k e d  polymers t h e  lower branch of t h e  f a i l u r e  envelope asym- 
p t o t i c a l l y  approaches t h e  equi l ibr ium s t r e s s - s t r a i n  curve  wi th  i n c r e a s i n g  
7 
temperature  or dec reas ing  crosshead speed.  In t h i s  r eg ion  t h e  f a i l u r e  
envelope ( p l o t t e d  loga r i thmica l ly )  has  u n i t  s l o p e ,  and 
l o g  ha = l o g  G E e (3) 
where G i s  t h e  equ i l ib r ium modulus. Uncrossl inked polymers do no t  have 
an  equ i l ib r ium modulus, bu t  i f  t h e  entanglement coupl ing d e n s i t y  is  h igh ,  
t h i s  r e s u l t s  i n  a pseudo-equilibrium modulus i n d i c a t e d  by a r e l a t i v e l y  
f l a t  p o r t i o n  of t h e  cons tan t  s t r a i n  r a t e  modulus F ( t ) ,  a s  mentioned 
above. In  t h i s  c a s e  t h e  lower branch of t h e  f a i l u r e  envelope of an un- 
c ros s l inked  polymer may a l s o  be  expected t o  approach u n i t  s lope  on a 
loga r i thmic  p l o t .  I t  i s  the re fo re  i n t e r e s t i n g  t o  no te  t h a t  t h e  modulus 
obta ined  from t h e  u n i t  s lope  region of t h e  envelope (even though it  i s  
n o t  w e l l  de f ined  because of t h e  occurrence of f low)  i s  347 p s i ,  i n  very  
good agreement wi th  t h e  modulus der ived  from t h e  f l a t  p o r t i o n  of F ( t ) .  
e 
B .  Cross l inked  PMMA 
T e n s i l e  tests were c a r r i e d  o u t  on t w o  samples of PMMA c r o s s l i n k e d  
wi th  g lyco l  d imethacry la te  (GDMA). These samples were prepared a t  t h e  
A m e s  Research Center  of NASA and conta ined  0.3 and 0.8 g of GDMA per  
100 g of methylmethacrylate  r e s p e c t i v e l y .  The number of moles of e f f e c t -  
i v e  cha ins  per  u n i t  volume, 
0.953 x r e s p e c t i v e l y ,  ca l cu la t ed  from 
of t h e s e  samples i s  0.359 x and 'e 
where x i s  t h e  amount ( i n  grams) of c r o s s l i n k i n g  agent  added t o  100 g of 
monomer, p is  t h e  d e n s i t y  of the  c r o s s l i n k e d  m a t e r i a l ,  and M (=198) i s  
t h e  molecular  weight of t h e  c r o s s l i n k i n g  agen t .  
A 
Equation (4) was der ived  assuming 1 0 6  c r o s s l i n k i n g  e f f i c i e n c y  
which is  j u s t i f i e d  a t  t h e s e  r e l a t i v e l y  l o w  c r o s s l i n k  d e n s i t i e s . 6  The 
f a c t o r  2 e n t e r s  becausethenumber of e f f e c t i v e  cha ins  pe r  u n i t  volume 
is  equal  t o  twice  t h e  number of c r o s s l i n k i n g  molecules .  
8 
Rings having o u t e r  diameters of 1.400 inches and i n n e r  diameters  of 
about 1.27 inches were c u t  on a l a t h e  from about 0 .03-inch-thick s h e e t s  
of t h e  samples. The dimensions of t h e  r i n g s  were ob ta ined  a s  desc r ibed  
i n  t h e  preceding r e p o r t .  
The r i n g s  were t e s t e d  i n  the Ins t ron  t e s t e r  a t  e i g h t  temperatures  
r ang ing  from 110 t o  165O C, and t e n  crosshead speeds,  ranging from 0.02 
t o  20 inches/minute.  
been completed. A d e t a i l e d  d i scuss ion  of t h e  r e s u l t s  w i l l  be presented 
i n  t h e  f i n a l  r e p o r t .  
Reduction and a n a l y s i s  of t h e  d a t a  has  not y e t  
9 
. t  
I11 STRESS RELAXATION 
Continuous and i n t e r m i t t e n t  stress r e l a x a t i o n  measurements a r e  being 
employed t o  s tudy  t h e  degradat ion k i n e t i c s  of t h e  m a t e r i a l s  under inves-  
t i g a t i o n .  T e s t s  a r e  t o  be  conducted a t  e l eva ted  tempera tures  (from about 
100 to  250° C ) ,  c h i e f l y  i n  vacuum, a l though a i r ,  i n e r t  g a s ,  and c o n t r o l l e d  
humidity atmospheres may a l s o  be employed. Some cont inuous stress re l axa -  
t i o n  d a t a  w i l l  be obta ined  i n  the  rubber- to-glass  t r a n s i t i o n  r eg ion  t o  
c h a r a c t e r i z e  t h e  v i s c o e l a s t i c  p r o p e r t i e s  of t h e  m a t e r i a l s .  
The appara tus  was designed t o  a l low cont inuous and i n t e r m i t t e n t  
stress r e l a x a t i o n  t es t s  t o  be conducted s imultaneously under i d e n t i c a l  
test  c o n d i t i o n s .  A number of t echn ica l  d i f f i c u l t i e s ,  c h i e f l y  connected 
w i t h  t h e  exac t ing  temperature  requirements ,  were encountered.  These 
seem t o  have been s u c c e s s f u l l y  overcome f o r  t h e  most p a r t ,  a l though 
t h e r e  is  s t i l l  some problem i n  ob ta in ing  a uniform temperature  d i s t r i b u -  
t i o n  over  t h e  l e n g t h  of t h e  specimen. The appara tus  i s  c u r r e n t l y  be ing  
modif ied t o  e l imina te  t h e  g r a d i e n t .  
A .  General Descr ip t ion  of Apparatus 
A photograph of t h e  appara tus  i s  shown i n  F i g .  6 .  The stress re l ax -  
ometer i s  b u i l t  around a half- inch "main" b r a s s  support  p l a t e  about  two 
f e e t  square ,  r e s t i n g  h o r i z o n t a l l y  on a metal  framework about f i v e  f e e t  
above ground. Mounted on t o p  of t h e  main p l a t e  a r e  t h e  vacuum pumping 
and monitor ing appa ra tus ,  ba th  a g i t a t i o n  motor,  and a frame t o  guide ,  
a c t u a t e ,  and set  t h e  ex tens ion  on t h e  connector  rods .  Mounted about 
t h r e e  inches  below and p a r a l l e l  t o  t h e  main p l a t e  i s  a 10-inch round 
"vacuum" p l a t e  which receives a v e r t i c a l  i nve r t ed  8- inch b e l l  jar (no t  
shown i n  F i g .  6 ) .  The chamber t h u s  formed houses a 6-inch round b r a s s  
can which i s  a l s o  a t t ached  v e r t i c a l l y  t o  the  vacuum p l a t e ,  and con ta ins  
t h e  measuring s t a t i o n s .  The f r o n t  of t h e  b r a s s  can i s  s l i c e d - o f f ,  thereby  
exposing t h e s t a t i o n s  t o  view. 
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FIG. 6 STRESS RELAXOMETER 
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The temperature  b a t h  c o n s i s t s  of a squa re  Pyrex g l a s s  t ank  f i t t e d  
i n s i d e  a l a r g e r  (2  f o o t  squa re )  metal t a n k ,  w i th  i n s u l a t i o n  between t h e  
t w o .  I t  is suspended on d r i v e  chains beneath t h e  main p l a t e  and when 
r a i s e d  t o  engage t h e  t o p  p l a t e  completely surrounds t h e  t es t  chamber. 
Rectangular g l a s s  windows i n  t h e  f r o n t  of t h e  o u t s i d e  metal  t ank  g i v e  a 
d i r e c t  view of t h e  s t a t i o n s  and specimens when t h e  b a t h  i s  r a i s e d  i n t o  
o p e r a t i n g  p o s i t i o n .  
Three relaxometer s t a t i o n s  a r e  used. The center s t a t i o n  s e r v e s  t o  
set  t h e  d e s i r e d  s t r a i n ,  and t o  get a p re l imina ry  i n d i c a t i o n  of t h e  mag- 
n i t u d e  of t h e  f o r c e s  t h a t  w i l l  be experienced i n  t h e  o t h e r  two a c t i v e  
s t a t i o n s .  In each s t a t i o n ,  t h e  specimen i s  mounted v e r t i c a l l y  between 
two clamps, and is  extended by p u l l i n g  t h e  t o p  clamp upward by means of 
a connect ing r o d ,  which i s  sealed by O-rings, through t h e  vacuum p l a t e  
and main p l a t e .  The bottom clamp, which remains e s s e n t i a l l y  f i x e d ,  i s  
a t t a c h e d  t o  t h e  t i p  of a c a n t i l e v e r  beam l o a d  c e l l .  The beam is clamped 
p a r a l l e l  t o  t h e  bottom of t h e  b r a s s  housing can .  The rods  connect ing 
t o  t h e  t o y  clamps a r e  threaded on t h e  p o r t i o n  extending above t h e  main 
p l a t e  and a r e  f i t t e d  wi th  knurled n u t s  p o s i t i o n e d  between t h e  main p l a t e  
and a b r a s s  "datum" b a r .  
a r e  he ld  i n  v e r t i c a l  alignment by pass ing  through a h o r i z o n t a l  frame 
about  10 inches above t h e  main p l a t e .  
The rods pass  through t h i s  h o r i z o n t a l  b a r  and 
The datum b a r  t r a v e l s  on guides v e r t i c a l  t o  t h e  main p l a t e  and i s  
used t o  s e t  t h e  s t r a i n  on t h e  two a c t i v e  tes t  s t a t i o n s  t o  t h e  l e f t  and 
r i g h t .  In  p r a c t i c e ,  t h e  datum bar is f i x e d  a t  a p a r t i c u l a r  he igh t  above 
t h e  main p l a t e  a s  d i c t a t e d  by t h e  p re l imina ry  ex tens ion  on t h e  c e n t e r  
s t a t i o n .  The knurled n u t s  on each of t h e  rods  connect ing t o  t h e  tes t  
s t a t i o n s  a r e  screwed down t o  t h e  main p l a t e ,  and t h e  rods  a r e  pu l l ed  up; 
t h e  rod t r a v e l  (and t h e r e f o r e  sample e x t e n s i o n )  i s  p o s i t i v e l y  stopped 
when t h e  n u t  on t h e  connect ing rod r eaches  t h e  now-fixed datum b a r .  
P r e - s e t ,  n e a r l y  i d e n t i c a l  s t r a i n s  can be ob ta ined  on each of t h e  2 a c t i v e  
tes t  specimens. A l l  connections a r e  r i g i d  and alignment of t h e  t es t  
specimen a long  t h e  a x i s  of p u l l  a r e  f i x e d  and p e r f e c t ,  prevent ing side- 
ways d i s t o r t i o n  of t h e  sample. 
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B. Temperature Control and Monitoring 
The apparatus was designed so that either oil or air can be used as 
a bath medium. When air is used, two 250-watt finned heat exchangers 
are placed at the bottom of the glass bath tank as shown in Fig. 6. A 
blower type impeller is then used to circulate the air. When oil is used, 
two 500-watt stainless steel immersion heaters are inserted through holes 
in the main plate and the bath is stirred by a propeller type agitator. 
Either agitator is driven from a motor located on top of the main plate. 
Each of the heaters is governed by individual autotransformers. One of 
the heaters is run continuously at a power level yielding -90% of test 
temperature. The other (at 10%) is used as a control heater. The con- 
trol heater is governed by a Lux Model L151 mercury control relay, which 
in turn is governed by Lux Model L150/3 immersion type mercury sensor. 
This shunts part of the current through the relay when the desired upper 
temperature limit is reached. The control relay is thereby deactivated 
and the control heater cut off. 
Ten copper-constantan thermocouples are used to measure the tempera- 
ture at various points in the system; seven are contained within the 
vacuum chamber utilizing a common constantan leg and reference junction. 
The reference junction is maintained at Oo C in a ice slush bath. 
remaining three thermocouples are used to measure temperatures at various 
points in the bath. The thermocouple emf's are read on a standard 
Rubicon laboratory potentiometer with a resolution of +0.001 mV. 
The 
The thermocouples were calibrated in situ against a platinum-platinum- -- 
lo$ rhodium secondary standard thermocouple in a copper block with all 
reference jupctions in the same ice slush bath at Oo C. 
C. Vacuum Pumping and Gaging Equipment 
A Welch Model 5-71740 mechanical fore pump, CEC Model VFM 10 oil 
diffusion pump, and a cold trap are used for vacuum pumping. Maximum 
pumping speed at 0 . 1 ~  is 600 liters/minute. Maximum blanked-off pres- 
sure is 1 .O  x mm Hg (according to manufacturer's specifications) . 
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The a c t u a l  u l t i m a t e  vacuum achieved wi th  a c o l d ,  empty s y s t e m  was 5 .0  x 
lom6 mm Hg. 
A P i r a n i  gauge monitors  t h e  vacuum i n  t h e  range 1-2Op Hg, and a 
hot-cathode i o n i z a t i o n  gage below l p ,  t h e  main a rea  of i n t e r e s t .  The  
s tandard  VGlA i o n i z a t i o n  tube ,  r a t ed  a t  100 @/micron a t  5 mA emission 
i n  a i r ,  i s  used, wi th  emission regula ted  a t  +If a t  5 mA. 
D .  Load C e l l s  
The f r i c t i o n  problem encountered when a load  c e l l  i s  placed o u t s i d e  
a s ea l ed  system and connected i n t o  t h e  s y s t e m  by rods ,  diaphragms, e t c . ,  
has  been avoided by p l ac ing  t h e  load c e l l s  w i th in  t h e  vacuum s y s t e m .  The 
seve re  temperature  requirements  generated s p e c i a l  problems concerning 
choice  of m a t e r i a l s  and s t a b i l i t y .  
Only ino rgan ic  m a t e r i a l s  were used i n  t h e  cons t ruc t ion  of t h e  load  
ce l l s  t o  main ta in  a c l ean  vacuum. Thus f a r  t h e y  have s u s t a i n e d  many 
c y c l e s  t o  250° C wi th  no d e t e c t a b l e  change i n  b a s i c  p r o p e r t i e s .  
The bottom clamp of each relaxometer s t a t i o n  i s  r i g i d l y  f i x e d  per- 
pendicular  t o  t h e  t i p  of a cantilever-beam load  c e l l  which i s  clamped 
l i k e  a d i v i n g  board p a r a l l e l  t o  t h e  bottom of t h e  relaxometer  housing.  
Two Microdot Inc .  SG101-A-1 dua l  1 2 0 n  r e s i s t a n c e  s t r a i n  gages are 
welded t o  t h e  s t a i n l e s s  s t e e l  beam; one each on t h e  t o p  and bottom s u r f -  
a c e s  nea r  t h e  clamp where maximum stress occurs  when t h e  beam i s  bent  i n  
t h i s  conf igu ra t ion .  
The s t r a i n  gages occupy two ad jacen t  a c t i v e  arms of a c l a s s i c a l  
r e s i s t i v e  Wheatstone b r idge ,  u t i l i z i n g  a 10 v o l t  D .C .  e x c i t a t i o n .  The 
smal l  changes i n  t h e  r e s i s t a n c e  of t h e  s t r a i n  gages upon bending of t h e  
beam a r e  shown a s  l i n e a r l y  propor t iona l  vo l t age  d i f f e r e n c e s .  A f t e r  
a p p r o p r i a t e  c a l i b r a t i o n  w i t h  dead weights ,  t h e  vo l t age  d i f f e r e n c e  on t h e  
b r i d g e  i s  i n t e r p r e t e d  a s  a d i r e c t  l i n e a r  i n d i c a t i o n  of f o r c e  on t h e  t es t  
specimen . 
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. The e l e c t r i c a l  ou tput  ( v o l t a g e  d i f f e r e n c e )  from a r e s i s t i v e - b r i d g e  
load  c e l l  of t h i s  type  i s  determined by t h e  fo l lowing  l i n e a r  r e l a t i o n s h i p :  
E, = & GnE E ex ( 4 )  
where E, i s  t h e  output  from t h e  br idge i n  mic rovo l t s ,  G i s  t h e  gage f a c t o r  
of t h e  s t r a i n  gages ,  n t h e  number of a c t i v e  gages ( 2 ) ,  E t h e  b r idge  exc i -  
t a t i o n  vo l t age  i n  v o l t s ,  and E the  mean s t r a i n  on t h e  gages over  t h e  
l e n g t h  of t h e  gage (x lo6 ) .  
-1.55 i n  t h i s  c a s e .  
The gage f a c t o r  i s  given by AR/RE, and i s  
The s t r a i n  gages a r e  temperature-compensated, i . e . ,  t hey  a r e  hea t  
t r e a t e d  t o  achieve a nega t ive  res i s tance / tempera ture  s lope  so t h a t  when 
mounted on t h e  steel  beams, t h e  error caused by  thermal  expansion of t h e  
beam, which would appear  a s  an erroneous i n d i c a t i o n  of l oad ing ,  i s  mini- 
mized. The temperature  s lope  of t h e  gage i s  ad jus t ed  accord ing  t o  t h e  
c o e f f i c i e n t  of thermal expansion of t h e  p a r t i c u l a r  s tee l  used ( i n  t h i s  
ca se  17-4 PH s t a i n l e s s  s teel  w i t h  a s t r a i n  of 6 ppm/OC). 
s t a b i l i t y  of t h e  load  c e l l  is f u r t h e r  improved by t h e  r e l a t i v e  p o s i t i o n s  
of t h e  s t r a i n  gages i n  ad jacen t  arms of t h e  b r idge  where spur ious  out- 
p u t s  a r e  s u b t r a c t i v e  and tend  t o  c a n c e l .  
t ion  r e s i s t o r s "  ( s o  c a l l e d  because they  a r e  i n a c t i v e  "dummies , 
no purpose o t h e r  t han  t o  complete t h e  necessary  4 r e s i s t o r s  of t h e  b r i d g e ) ,  
a r e  l o c a t e d  o u t s i d e  t h e  t es t  apparatus  a t  room tempera ture .  A spu r ious  
change i n  t h e  r e s i s t a n c e  of these  resistors, or i n  t h e  wires connect ing 
them wi th  t h e  load  c e l l  i n  t h e  t e s t  appa ra tus ,  would a l s o  be a source  of 
e r r o r .  C a r e f u l l y  matched, s t r e s s - r e l i e v e d ,  wirewound, p r e c i s i o n  manganin 
r e s i s t o r s  were chosen t o  minimize t h i s  source  of e r r o r .  They have a 
small  r e s i s t ance / t empera tu re  slope a t  room temperature  (24-27O C )  of less  
than  15 ppm a s  determined i n  an a c t u a l  t es t  on an E S I  sys t em.  Again, 
s i n c e  t h e  completion r e s i s t o r s  and connec t ing  wires a r e  i n  ad jacen t  arms 
of t h e  b r i d g e ,  t h i s  type  of e r r o r  i s  f u r t h e r  a t t e n u a t e d  by t h e  f a c t  t h a t  
s i m i l a r  r e s i s t a n c e  changes w i l l  be s u b t r a c t i v e .  
Temperature 
The Wheatstone b r idge  "comple- 
s e rv ing  
15 
. .  
Pre l iminary  i n  s i t u  tests encompassing a l l  t empera ture  e f f e c t s  -- 
i n d i c a t e d  a temperature  s e n s i t i v i t y  of less  than  4 pV/"C maximum ( a t  
10 V e x c i t a t a t i o n )  over  t h e  range of ambient tempera ture  t o  250° C .  
Also, adjustment  of t h e  res i s tance / tempera ture  s lope  of t h e  s t r a i n  gages 
by hea t  t rea tment  y i e l d s  a n u l l  a t  about 150° C ,  which means t h a t  most 
of our  tests w i l l  occur  i n  r e l a t i v e l y  f l a t  p o r t i o n s  of t h e  output  v s .  
temperature  curve ,  where &,,/At w i l l  probably be cons iderably  less than  
t h e  maximum. Moreover, t h e  cumulative output  can be  zeroed o u t ,  u s ing  
a ba lanc ing  c i r c u i t ,  just p r i o r  to t h e  i n i t i a t i o n  of a t e s t .  S ince  t e m -  
p e r a t u r e  v a r i a t i o n  i n  t h e  chamber dur ing  t h e  a c t u a l  test per iod  i s  t o  
be h e l d  t o  less than  0.51~ C ,  thermal d r i f t  i n t h e  ou tpu t  of t h e  load  ce l l s  
i s  i n s i g n i f i c a n t  a t  t h e  des ign  output l e v e l s .  
The s e n s i t i v i t y  of t h e  load  ce l l - - i t s  gage f a c t o r  or i t s  e l e c t r i c a l  
ou tput  versus  load--changes a s  a l i n e a r  f u n c t i o n  of temperature  by 
0 .0  18$/OC. 
s t r e s s .  
more c y c l e s  of load ing ,  and creep i s  v i r t u a l l y  unde tec t ab le  a t  t h e  design 
l o a d s .  
Th i s  e r r o r  i s  taken i n t o  account i n  t h e  c a l c u l a t i o n  of t h e  
Reproduc ib i l i t y  of t h e  load  cel ls  i s  be t te r  than  1% over  100 or 
The load  ce l l  ou tpu t s  a r e  read on a Beckman Instruments  Type RS, 
two-channel Offner  Dynagraph with h igh  impedance (500 K n i n p u t  minimum) 
s o l i d  s t a t e  chopper a m p l i f i e r s .  
f u l l  7 c m  galvanometer d e f l e c t i o n  t i m e  i s  2.5 mi l l i s econds .  I n t e r n a l  
c a l i b r a t i o n  i s  provided and load c e l l  c a l i b r a t i o n  i s  e f f e c t e d  i n  s i t u  
a g a i n s t  t h i s  i n t e r n a l  c a l i b r a t i o n  p rov i s ion ,  provid ing  independence from 
p e r i o d i c  c a l i b r a t i o n s  a g a i n s t  ou t s ide  s t anda rds .  Noise-free s e n s i t i v i -  
t i e s  a s  h igh  a s  50 pV/cm a r e  provided wi th  over  300 cm of z e r o  suppress ion  
a v a i l a b l e  ( r e l a t i v e  t o  t h e  7 cm f u l l  s c a l e  d e f l e c t i o n ) .  The long  term 
g a i n  s t a b i l i t y  i s  0.5% and t h e  sho r t  term d r i f t  1 pV/hour. 
paper  speeds a r e  1, 5 ,  25 ,  and 125 mm/sec. 
Frequency response i s  104 up t o  200 cps ;  
-- 
Avai l ab le  
L i n e r a i t y  is 0.5%. 
E x c i t a t i o n  f o r  t h e  load  ce l l  br idges i s  provided by Endevco Model SR-200 
EP s o l i d  s t a t e  r egu la t ed  power supp l i e s .  Regula t ion  was found t o  be 
b e t t e r  than  0.19 by a c t u a l  tes t .  Long term or thermal  d r i f t  was v i r t u a l l y  
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unde tec t ab le  a t  0.01% r e s o l u t i o n  over 48 hours .  O r i g i n a l l y  t h e  e x c i t a -  
t i o n  p rov i s ions  of t h e  s t r a i n  gage coupler  on t h e  Offner  Dynagraph were 
used,  but  t hey  were abandoned because they  were not  s t a b l e  enough. 
Balancing ( ze ro ing )  of the load c e l l  c i r c u i t  j u s t  a t  t h e  beginning 
of a t es t  i s  accomplished by  means of two poten t iometers  placed i n  p a r a l -  
l e l  wi th  t h e  b r idge ,  wi th  t h e i r  cen te r  t a p s  connected t o  t h e  p o s i t i v e  
output  from t h e  b r idge .  One i s  used f o r  coa r se  adjustment  (20 K n )  and 
t h e  o t h e r  f o r  f i n e  adjustment (a  v a r i a b l e  10 Kn potent iometer  between 
two 500 K n f i x e d  r e s i s t o r s ) ,  The ove r -a l l  r e s i s t a n c e  of one s i d e  of 
t h e  b r i d g e  i s  ad jus t ed  wi th  these  p a r a l l e l  r e s i s t a n c e s  t o  match t h e  o t h e r  
h a l f - - r e s u l t i n g  i n  a balanced br idge and z e r o  o u t p u t ,  
The p resen t  se t  of load  cells were designed wi th  a s e n s i t i v i t y  of 
4 . 4  mV/kg. 
s e c t i o n a l  a r e a :  
a r e  p e r f e c t ,  pe rmi t t i ng  a s y s t e m  p r e c i s i o n  of much be t te r  than  1%. 
e v e r ,  i n  t h e  rubbery r eg ion  where l o a d s  a s  low a s  0.1 kg (maximum) a r e  
encountered ,  t h e  ou tpu t s  from the  load  c e l l s  ( e . g , ,  0 . 0 4  mV a t  0.1 kg . )  
d o  no t  permit  t h e  d e s i r e d  p r e c i s i o n .  The readout  r e s o l u t i o n  i s  about  
k0.002 mV. In a t y p i c a l  r e l a x a t i o n  curve i n  t h e  rubbery r e g i o n ,  where 
t h e  f o r c e  r e l a x e s  t o  a small  percentage of t h e  maximum w i t h i n  a few 
seconds ,  t h e  c u r r e n t l y  a v a i l a b l e  p r e c i s i o n  must be improved. Accordingly,  
a second set  of load  ce l l s  i s  being assembled with about 50 times t h e  
s e n s i t i v i t y  of t h e  f i r s t .  T h i s  i s  f o r  use  i n  t h e  rubbery r eg ion .  The 
l o a d  ce l l s  w i l l  be i d e n t i c a l  t o  t h e  f i r s t  s e t  i n  a l l  r e s p e c t s  except  
t h a t  t h e  s t a i n l e s s  steel  beam w i l l  be t h i n n e r  t o  inc rease  t h e  s e n s i t i v i t y .  
For t h e  l o a d s  encountered when t e s t i n g  PMMA samples ( c r o s s  
4 . 0 5  cm2) i n  the  g l a s s y  o r  t h e  t r a n s i t i o n  r e g i o n ,  t hey  
How- 
E .  S t r a i n  Determinat ion 
The s t r a i n  on t h e  sample i s  determined by d i r e c t  obse rva t ion  of 
bench marks on t h e  specimen from o u t s i d e  t h e  appa ra tus  us ing  an up r igh t  
ca the tometer  w i th  a r e s o l u t i o n  of k0.005 c m .  
A s  mentioned e a r l i e r ,  t h e  appara tus  i s  designed t o  achieve pre-se t  
i d e n t i c a l  s t r a i n s  i n  both t es t  s t a t i o n s .  In p r a c t i c e  t h e  s t r a i n s  a r e  
not  q u i t e  i d e n t i c a l .  Th i s  i s  probably due t o  t h e  unavoidable  ex tens ion  
of t h e  samples from t h e  sample holders ,  which occurs  t o  d i f f e r e n t  e x t e n t s .  
F .  Experimental Work 
To check t h e  temperature  d i s t r i b u t i o n  i n s i d e  t h e  vacuum chamber, 
1 x 0.25 x 0.03 inch  specimens of uncross l inked  commercial PMMA were 
placed between t h e  clamps i n  t h e  l e f t  s t a t i o n .  Thermocouples were 
i n s e r t e d  i n  t h e  ho le s  provided i n  t h e  clamps for t h i s  purpose,  and i n  
t h r e e  ho le s  d r i l l e d  i n  t h e  middle and a t  t h e  two ends of t h e  specimen 
near  t h e  clamps. 
t h e  a i r  b a t h )  and t h e  temperature r e g i s t e r e d  by t h e  thermocouples were 
recorded .  The procedure was then repea ted  pumping down t o  about  20 
microns of vacuum. The experiments were c a r r i e d  o u t  i n  t h e  l e f t  s t a t i o n  
only  because of t h e  l i m i t e d  number of thermocouples a v a i l a b l e  i n s i d e  t h e  
vacuum chamber. However, previous tes ts  had shown t h a t  t h e r e  was very 
l i t t l e  d i f f e r e n c e  between t h e  clamp tempera tures  of t h e  l e f t  and r i g h t  
s t a t i o n s ,  undoubtedly due t o  t h e  h igh  degree of symmetry i n  t h e  appa ra tus  
wi th  r e spec t  t o  t h e s e  two s t a t i o n s .  
The temperature  was r a i s e d  t o  about  115-120° C (us ing  
These measurements ind ica ted  t h e  e x i s t e n c e  of a nega t ive  tempera- 
t u r e  g r a d i e n t  from t h e  middle of t h e  specimen outward towards i t s  ends.  
The hea t  d r a i n  appears  t o  be due t o  conduction through t h e  b r a s s  connect-  
i ng  rods  (upper  clamp) and t h e  b ra s s  housing can (lower clamp).  S ince  
t h e  lower clamp i s  p a r t i a l l y  in su la t ed  from t h e  housing can by t h e  s t a i n -  
less  s teel  beams which a r e  poorer h e a t  conductors ,  t h e  d r a i n  from the  
lower i s  less than  t h a t  from t h e  upper clamp. 
A method of i n s u l a t i o n  by reducing t h e  thermal  pa ths  t o  p o i n t  con- 
t a c t s  i s  c u r r e n t l y  being implemented and w i l l  be r epor t ed  on i n  t h e  next  
r e p o r t .  
To t es t  t h e  ove r -a l l  performance of t h e  appa ra tus ,  specimens s i m i l a r  
t o  t h o s e  desc r ibed  above were i n s e r t e d  i n  a l l  t h r e e  s t a t i o n s  and were 
g iven  ex tens ions  of about 10% in  about  5 microns of vacuum a t  a tempera- 
t u r e  of about 115O C. The s t r e s s  r e l a x a t i o n  curves  c a l c u l a t e d  from t h e  
18 
d a t a  obta ined  i n  both t h e  l e f t  (No. 1) and t h e  r i g h t  ( N o .  2 )  s t a t i o n  
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FIG. 7 STRESS RELAXATION CURVE OBTAINED IN TEST OF UNCROSSLINKED PMMA 
s t a t i o n s  except  a t  l ong  t i m e s  where t h e  N o .  2 va lues  l i e  above t h e  
cu rve .  T h i s  i s  explained by t h e  f a c t  t h a t  ha l f  of t h e  a c t i v e  b r idge  i n  
t h i s  s t a t i o n  had become inope ra t ive  p r i o r  t o  t h e  t e s t .  In  consequence, 
t h e  gage became poorly balanced thermal ly  and t h e  s e n s i t i v i t y  was reduced 
t o  about  0.2 pV/kg r e s u l t i n g  in poorer r ead ings  a t  l onge r  t i m e s .  
curve  i s  i n  s u b s t a n t i a l  agreement wi th  publ i shed  r e s u l t s  by Tobolsky7 
and Fu j ino  e t  a 1 . 8  I t  should be noted t h a t  a p p a r e n t l y  q u i t e  s a t i s f a c t o r y  
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